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Summary
Many animals use cues from another animal’s gaze to help
distinguish friend from foe [1–3]. In humans, the direction
of someone’s gaze provides insight into their focus of inter-
est and state of mind [4] and there is increasing evidence
linking abnormal gaze behaviors to clinical conditions
such as schizophrenia and autism [5–11]. This fundamental
role of another’s gaze is buoyed by the discovery of specific
brain areas dedicated to encoding directions of gaze in faces
[12–14]. Surprisingly, however, very little is known about
how others’ direction of gaze is interpreted. Here we apply
a Bayesian framework that has been successfully applied
to sensory and motor domains [15–19] to show that humans
have a prior expectation that other people’s gaze is directed
toward them. This expectation dominates perception when
there is high uncertainty, such as at night or when the other
person is wearing sunglasses. We presented participants
with synthetic faces viewed under high and low levels of
uncertainty and manipulated the faces by adding noise to
the eyes. Then, we asked the participants to judge relative
gaze directions. We found that all participants systemati-
cally perceived the noisy gaze as being directed more
toward them. This suggests that the adult nervous system
internally represents a prior for gaze and highlights the
importance of experience in developing our interpretation
of another’s gaze.Results and Discussion
In order to apply a Bayesian framework to gaze, we used a
discrimination task in which subjects viewed a sequence of
two faces and were required to make a judgment about the
relative gaze between the first and second face (Figure 1B).
One face had a constant direction of gaze deviation (‘‘test’’),
and the other had an offset added to this test gaze deviation
(‘‘comparator’’). The five test values used were determined
for each observer from a pilot experiment in which subjects
categorized the faces’ gaze as looking straight at them,
averted to their right, or averted to their left.
First, we estimated the variability of sensory representation
of gaze direction (likelihood functions) under two levels of un-
certainty. Gaze discrimination thresholds were measured in a
low uncertainty condition when the gaze of both faces was4Present address: School of Biological and Chemical Sciences, Psychol-
ogy, Queen Mary University of London, London E1 4NS, UK
*Correspondence: i.mareschal@qmul.ac.uknoiseless (a sample stimulus is shown in Figure 1A, left, and
a close-up of the eyes as shown in the eyes-only condition is
shown in Figure 1A, top right) and in high uncertainty when
fractal noise was added to the eye region of both faces (a close
up of the eyes is shown in Figure 1A, bottom right; see Exper-
imental Procedures). At the end of each run, the data were
compiled, and a logistic function was fitted to the proportion
of ‘‘rightwards’’ responses as a function of the offset tested
(Figure 1C). For all observers, thresholds in the low uncertainty
condition were predictably low and remained essentially con-
stant across all test values (Figure 1D, blue curves). Increasing
uncertainty in the stimuli raised each observer’s thresholds
consistently across the range of tests (Figure 1D, red curves).
In order to examine how our prior beliefs about gaze alter
perception, experiment 2 used a mixed noise condition to
measure bias. In this experiment, either the test or the compar-
ator face had noise added to the eyes. According to Bayesian
inference, increasing the uncertainty in one of the stimuli will
increase the influence of the prior for that stimulus, effectively
‘‘pulling’’ the perceived direction of gaze toward the peak of
the prior distribution [17] (Figure 2A). These two conditions
were interleaved within a run, and Figure 2B shows the
discrimination performance for naive observer G.V. in the
same run (a) when the test had noise added to the eyes (high
uncertainty) and the comparators were noiseless (Figure 2B,
test noise) and (b) when the test was noiseless (low uncer-
tainty) and the comparators had noise added to the eyes
(Figure 2B, comp noise). In line with our predictions, the
psychometric functions are shifted in opposite directions de-
pending on whether noise was added to the test or to the
comparator. For example, if a leftward test gaze deviation is
seen asmore direct because of increased uncertainty, the psy-
chometric functionwill shift to the right so that the point of sub-
jective equality approaches 0. If the test is noiseless, it will be
seen more accurately as leftward, but the comparator’s devia-
tions will appear more direct, causing the psychometric func-
tion to shift to the left. Figures 2C–2E plot biases for the two
conditions as a function of the test gaze deviations and reveal
a systematic shift in the sign of the biases. Solid curves are the
fits according to a Bayesian model with a Gaussian prior and
incorporating the aforementioned likelihood functions (see
Supplemental Information). The model fits the data very well
and accounts for 90.4% (I.M.), 85.9% (C.C.), and 79.5%
(G.V.) of the variance. Estimates of the priors’ peaks
are +6.0 (I.M.), +1.6 (C.C.), and +6.7 (G.V.), all shifted slightly
rightward of direct. The widths of the prior distributions are
broad, with SDs of +9.7 (I.M.), +9.0 (C.C.), and +14.1 (G.V.),
compared to the SDs of the likelihood functions (mean SDs
across the baselines in noiseless conditions are +2.9
[I.M.], +3.0 [C.C.], and +2.5 [G.V.]; and +5.3 [I.M.], +6.5
[C.C.], and +7.0 [G.V.] in noise).
A signature of a prior for direct gaze when uncertainty is
increased in one of the stimuli is that the slopes of the bias
curves are oppositely signed depending on whether the
increased uncertainty is in the test or whether the increased
uncertainty is in the comparator (Figures 2C–2E). The intersec-
tion point between the two oppositely signed curves corre-
sponds to the peak of the prior, which was measured in an
additional three observers who only performed the
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Figure 1. Gaze Discrimination
(A) Sample face stimulus (left) and close-ups of the eyes-only stimuli in the noiseless and noisy conditions for three different gaze deviations.
(B) Experimental procedure showing one trial for experiment 1. The same identity’s face was presented twice, and the observers’ task was to indicate the
direction of gaze in the second interval relative to the first.
(C) Sample psychometric function for stimuli measured around a test of +7.5. A logistic function is fit to the proportion of trials in which gaze in the com-
parison stimulus was judged to be more rightward than the test. An estimate of discrimination threshold is derived from the slope of the function, and an
estimate of bias is taken as the gaze offset producing 50% ‘‘right’’ responses.
(D) Discrimination thresholds measured at five (test) gaze deviations in the low uncertainty condition (neither face contains noise, blue curves) and the high
uncertainty condition (both faces contain noise, red curves) for three observers. Error bars are 6 95% confidence intervals.
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(+9 and 29) (Figure 2F, observers S1, S2, and S3). Addition-
ally, observers G.V., C.C., and I.M. performed this reduced
experiment with windowed eyes-only stimuli (Figure 1A) for
the minimization of the influence of head orientation on gaze
judgment (Figure 2F, observers S4, S5, and S6). Slopes of
the linear fits through the data collected around these two
extreme tests are significantly different for the two conditions
(t[1,5] = 3.61, p < 0.01) and are plotted in Figure 2F. Note that the
peaks of the priors for the three naive observers (S1, S2,
and S3) are distributed more evenly around 0 (+6.5, +0.2,
and 25.1, respectively), not supporting a consistent right-
ward shift in the priors. Using the eyes-only stimuli, observers
G.V., I.M., and C.C. displayed a similar shift in their biases
despite the absence of head orientation information (slope
estimates to end points of full face data are presented as
insets in Figures 2C–2E).
In a control experiment that examined whether the shift
toward direct that we measured reflected a more generalized
tendency to view objects as being centered (e.g., centeringthe iris in the sclera), three observers (I.M., D.C., and B.R.S.)
performed the mixed discrimination task on a gray circle
(target) viewed within a larger white circle (referent). The dis-
placement of the target within the referent followed the same
angular rotation as the eyes in our stimuli, and observers per-
formed the task at two extreme tests (69.5), one of the targets
being presented in noise.We found that the slopes of the linear
fits to these two extreme deviations were not significantly
different from zero (t[1,5] = 0.357, p > 0.3; average slopes
of +0.09 and 20.07). These results support our interpretation
of a prior for direct gaze that cannot be reduced to amore gen-
eral tendency for anything to look ‘‘centered.’’ Note, however,
that our data do hint at a weaker tendency to view objects as
centered, which may reflect a natural tendency to view simple
concentric stimuli as eyes or a more generic process of favor-
ing symmetry.
Finally, we examined how the orientation of the head influ-
enced observers’ perception of gaze [20–22]. In the previous
stimuli, the head was always forward-facing (direct), such
that, even in the eyes-only stimulus, the configuration of the
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Figure 2. Biases Measured When One Stimulus Increased in Uncertainty by Adding Noise to the Eyes
(A) Illustration of the Bayesian framework; the noiseless stimulus (blue) has a narrow likelihood function, whereas the noisy stimulus (red) has a broader
likelihood function. The prior has a greater influence for the stimulus with high uncertainty.
(B) Sample psychometric functions for naive observer G.V. when the test (25) contained noise (test noise, red) or when the comparator contained noise
(comp noise, blue).
(C) Biasesmeasured at the same tests as in Figure 1 in themixed condition for observer G.V. Curves are the Bayesianmodel fits for the two conditions. Lapse
rates at the extremities of the psychometric functions were very low (2.2% averaged across the three observers) indicating that observers were reliably
seeing the stimuli.
(D and E) Biases for observers C.C. (D) and I.M. (E). Error bars are 6 95% confidence intervals. Insets show slopes of the bias data in the two conditions.
(F) Slopes of the biases in the two mixed conditions estimated in an additional three observers (S1, S2, and S3) and in G.V. (S4), C.C. (S5), and I.M. (S6) with
the use of the eyes-only stimulus. Intersection points are +6.5, +0.2, and25.1 for the naive observers with the use of the face stimuli and +2.0 (G.V.), +6.6
(I.M.), and +1.2 (C.C.) with the eyes-only stimuli.
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direct. In this experiment, observers judged the deviation of
gaze in stimuli where the head was either direct, oriented
leftward (230), or oriented rightward (+30). Stimuli were
cropped around the eye region (examples shown in Figure 3A)
to promote reliance on eye deviation.
In order to determine which gaze deviation observers judge
as direct when the head is rotated, subjects used key presses
to categorize the direction of gaze as looking straight at them,
to their right, or to their left. Figure 3B plots the direct
responses as a function of gaze deviation for the categoriza-
tion experiment using the rotated cropped heads averaged
across three observers (I.M., C.C., and naive observer D.C.).
A shift in the peak of the direct responses toward the direction
of the head orientation was clearly evident. The peak of the
direct response (e.g., the gaze deviation that each ob-
server judged to be directed at them) for a leftward-facing
head is 27.23 6 0.43, 22.40 6 0.66 for a direct-facing
head, and +5.37 6 1.53 for a rightward-facing head.
In order to examine if the prior shifted with head orientation,
biases weremeasured at four test gaze deviations with the use
of the mixed discrimination condition for leftward-rotated
heads (Figure 3C) and rightward-rotated heads (Figure 3D).
The crossover points in the averaged data lie between the
gaze deviation that observers judge to be direct when viewing
a rotated head (roughly 6 in the same direction as the head)
and the actual orientation of the head (30). The fact that the
peaks of the priors lie away from the head rotation is notconsistent simply with a greater influence of head orientation
on gaze judgments when noise is added to the eyes. If that
were the case, the point at which there was no bias in the
perceived direction of the noisy relative to the noiseless stimuli
would occur when eye and head directions were congruent,
(i.e., a gaze deviation of 30). This is clearly not the case in
our data, which show a null close to 20 (crossover points
are shown in Figures 3C and 3D).
The deviation of the null directions in Figures 3C and 3D
away from the head orientation and toward direct indicates
that some process must be pulling the perception of gaze
toward direct, and we propose that this is a prior to see gaze
as direct. However, the deviation of the null directions away
from direct and toward the orientation of the head suggests
that increased weight is attached to head orientation in esti-
mating gaze direction when eye information is degraded
(e.g., Perrett et al. [23] suggest that eye direction is more
important than head orientation, but that, when eye direction
is uncertain, then head angle can be used as a default).
Thus, it appears that there are two processes at play when
estimating gaze: a prior to see eye gaze as direct and a bias
to rely more heavily on the head orientation in the presence
of uncertain or missing eye information.
Here, we report that a fundamental component of social
interactions, namely the ability to correctly identify the occur-
rence of eye contact, can be understood within a Bayesian
framework. Why should we have a prior for direct gaze?
From a social perspective, direct gaze often signals an
AB C D
Figure 3. Judgments of Gaze in Rotated Heads
(A) Sample stimuli used for categorization and discrimination, all with a physical 0 gaze deviation. The heads were cropped around the eye region and were
either direct (middle) or rotated leftward (left) or rightward (right) by 30. Notice that a physically direct gaze (i.e., looking straight ahead) does not appear
directed toward the observer in the rotated heads.
(B) Average gaze categorization data and fits to the direct responses as a function of head orientation with the use of leftward-rotated (purple triangles),
direct (blue squares), and rightward-rotated heads (purple circles).
(C and D) Average gaze discrimination data with rotated heads when the test contained noise (red circles), and when the test was noiseless (blue circles) for
leftward-rotated heads and (D) for rightward-rotated heads. Error bars are between subjects’ SEs. When the heads were rotated leftward, the tests used
were 230, 215, 0, and 15; when the heads were rotated rightward, the tests were 215, 0, 15, and 30s.
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signal dominance or a threat [24]. In both cases, the gazer is
signaling an imminent interaction. From an evolutionary
perspective, it has been proposed [21] that, when one is
unsure about a stimulus, assuming direct gaze is simply a safer
strategy. Finally, from a developmental perspective, there is
evidence that, from a very early age, babies engage more
with direct gaze [26]. Whether this finding supports the exis-
tence of an innate prior or one that would be learned has
important repercussions for clinical populations with deviant
eye gaze behavior. Given that the prior may result from a
buildup of our experience with gazing stimuli, it would be
important to test its plasticity. For example, it has been pro-
posed that professional athletes should spend time studying
their opponents in order to optimize their a priori knowledge
[16]. It may well be that a similar training regime with eye
gaze may be relevant for improving performance in social
communication.
Experimental Procedures
Apparatus
A Dell XPS computer running MATLAB was used for stimulus generation,
experiment control, and recording subjects’ responses. Programs con-
trolling the experiment incorporated elements of the PsychToolbox [27].
Stimuli were viewed at 57 cm and displayed on a calibrated Sony Trinitron
20SE monitor (1024 3 768 pixels, 75 Hz) driven by the computer’s built-in
NVIDIA GeForce GTS 240 graphics card. Two of the authors and four naive
observers served as subjects. Experiments received approval from the
University of Sydney Human Research Ethics Committee. All observers
gave written informed consent.Stimuli
Grayscale synthetic neutral faces (Daz software), subtending, on average,
15.1 3 11.2 deg were used. The deviation of each eye was independently
controlled with MATLAB procedures, giving us precision down to the
nearest pixel for horizontal eye rotations. For the noise conditions, fractal
noise (1/f amplitude spectrum) was added to the eyes. The noise contrast
was held constant at 6% rms and all observers used a Michelson contrast
of 7.5% between the pupil and sclera of the eyes, except C.C., who used
a contrast of 10%. For each observer, the contrast of the noise and eyes
were the same across the different experiments. In eyes-only stimuli, the
eye region of the same eight faces was presented by applying an elliptical
raised cosine contrast envelope over each eye.
Procedure
All procedures used a method of constant stimuli; within a run, all gaze
deviations were presented the same number of times in random order.
Discrimination
Discrimination thresholds were measured with pairs of successively
presented stimuli (666 ms interstimulus interval) in the noiseless, noisy,
and mixed (stimuli in only one interval had noise) conditions. In a single
trial, the same face with different gaze deviations was presented in both
stimulus intervals (400 ms), and the observer’s task was to indicate
whether the direction of gaze of the face in the second interval was
averted to the left or to the right in comparison to the direction of gaze
in the first interval (Figure 1B). The position of each face was randomly
jittered along the vertical meridian (maximum 6 10 pixels). In order to
measure discrimination thresholds, one interval contained a test gaze
deviation, and the other the test had an offset added to it (comparator).
The offset values were chosen from the set (212, 26, 22, 21, 1, 2,
6, and 12) when no noise was added or 220, 210, 25, 22, 2, 5,
10, and 20 when noise was added. Each offset level was sampled 12
times in one run, and a logistic function was fit to the data to obtain an
estimate of threshold and bias. Average thresholds and biases were
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confidence intervals.
Categorization
Observers indicated whether the direction of gaze in the rotated faces
(400 ms) was averted left, averted right, or direct with the use of key
presses J, K, and L, respectively. Gaze deviations were selected from the
set (29, 26, 23, 21, 0, 1, 3, 6, and 9) and each deviation was pre-
sented 12 times per run. Data from six runs were compiled, and separate
logistic functions were fitted to the proportion of left and right responses
as a function of the gaze deviations. A function for direct responses was
calculated by subtracting the sum of the left and right responses from one
(Figure 3B). These three functions were fitted as an ensemble with the
Nelder-Mead simplex method [28] implemented via MATLAB’s fminsearch
function.
Supplemental Information
Supplemental Information contains Supplemental Experimental Procedures
and can be found with this article online at http://dx.doi.org/10.1016/j.cub.
2013.03.030.
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